Double-stranded DNA molecules complementary to ovalbumin chicken messenger RNA were synthesized in vitro and integrated into the E.coli plasmid pCRl using an oligodG-dC tailing procedure. The resultant hybrid plasmids, amplified by transfection of E.coli, were shown by hybridization and gel electrophoresis to contain extensive DNA sequences of the ovalbumin structural gene.
INTRODUCTION
The expression of the ovalbumin gene is under hormonal control (for a review, see ref. 1) and its isolation would be very valuable for studies on the way in which steroid hormones, histones, RNA polymerases and other non-histone chromosomal proteins, interact with DNA to control higher eukaryotic transcription. Such studies would be facilitated if it were possible to obtain in large amounts, fragments of DNA containing the structural ovalbumin gene plus its flanking putative regulatory sequences. There are two interrelated methods of molecular cloning by which such fragments may at present be obtained (reviewed in ref. 2 and 3). The first, which has recently become known as "shotgun cloning" involves the introduction into a bacterium of fragments of DNA of an entire genome, followed by selection by hybridization of those bacteria harbouring the gene or genes of interest. The second approach, perhaps of lower potential biological risk, involves the preliminary purification of a genecontaining fragment prior to its amplification within the bacterium. The object of the work described here has been to amplify within E.coli, specific sequences of the ovalbumin structural gene so that these can be obtained in large amounts for studying the ovalbumin gene organization and for use as a tool for selection of larger DNA fragments containing the ovalbumin structural gene plus its possible regulatory sequences.
MATERIALS AND METHODS

Enzymes.
Avian myeloblastosis virus (AMV) a reverse transcriptase, prepared according to the procedure of Kacian and Spiegelman (4) was kindly provided by Drs. Beard and Houts. Calf thymus terminal deoxynucleotide transferase was prepared according to the procedure of Bollum (5), with minor modifications. E.coli DNA polymerase I (fragment "A", ref. 6) was purchased from Boehringer. Restriction endonuclease EcoRI was prepared according to Green et al. (7) . Restriction endonucleases, R.Hpall and R.Haelll, were purchased from BRL (Bethesda Research Laboratories). Restriction endonuclease digestions were carried out according to the recommendations of the BRL booklet. Nuclease SI from Aspergillus oryzae was purified according to the procedure of Wogt (8).
Synthesis of double-stranded, oligodG-elongated ovalbumin
cDNA. Ovalbumin synthesizing polysomes from laying hens were purified by an indirect immunoprecipitation technique with rabbit anti-ovalbumin and goat anti-rabbit y-globulin (9). Immunoprecipitated polysomes [more than 98% of the mRNA present in the polysomes is ovalbumin mRNA (9)] were digested with proteinase K (Merck) and the RNA was extracted with phenol-chloroform. Polysomal RNA containing the ovalbumin messenger RNA was used directly for cDNA synthesis. cDNA was synthesized in a reaction mixture containing 50 mM Tris-HCl buffer pH 7.5, 10 mM MgCK, 2 mM di thiothrei tol, 200 yg/ml actinomycin D, 36 yg/ml oligodT^p.io (Collaborative Research), 4.8 mg/ml immunoprecipi-32 tated polysomal RNA, 120 U M [ 32 P]dCTP (Amersham), 400 pM dGTP, dATP and dTTP and 350 units (4) per ml of reverse trascriptase. After incubation at 41°C for 1 h the reaction mixture was made 0.3 M in NaOH and incubated for a further 15 min at 68°C in order to hydrolyse the RNA. After neutralization with HC1, the reaction mixture was passed through a column of Sephadex G-50 and the cDNA was precipitated with ethanoi in the presence of 30 pg/ ml of E.coli tRNA (Boehringer) carrier. The precipitate was redissolved in 200 pi of 0.2 M NaOH, 0.8 M NaCl and 5 mM EDTA and layered onto the surface of a 5-20% alkaline sucrose gradient in the same solution. After centrifugation at 39,000 rpm for 14 h in a Spinco SW60 Ti rotor, the fastest-sedimenting portion of the cDNA peak (about 30% of the total cDNA) was selected and precipitated with ethanol. 600 ng of cDNA was then incubated with 25 units of E.coli DNA polymerase I (fragment "A", ref. 6) in a reaction mixture (4.2 ml) containing 30 mM Tris-HCl buffer pH 7.5, 4 mM MgCl 2 , 0.5 mM 6-mercaptoethanol and 200 pM dATP, dCTP, dGTP and dTTP. After incubation at 30°C for 60 min, the reaction mixture was extracted twice with phenol and dialyzed extensively against H2O, during which time the volume of the reaction mixture increased to 6.0 ml. The reaction was then made 3 mM in ZnCl 2 , 30 mM in sodium acetate (pH 4.5) and 300 mM in NaCl, and a sufficient quantity of nuclease SI was added to render 600 ng of single-stranded cDNA acid-soluble within 40 min. After incubation at 40°C for 80 min the reaction was extracted twice with phenol, dialyzed extensively against HpO and lyophilized to residue. Assay of the acid precipitabi1ity of the original [ ^P]-labelled cDNA strand before and after nuclease SI treatment showed that approximately 50% of the cDNA had been rendered double-stranded under the above conditions. The lyophilized double-stranded cDNA (ds-cDNA) was resuspended in 250 pi of 10 mM Tris-HCl buffer pH 7.5 containing 0.8 M NaCl, 8 mM EDTA and layered onto the surface of a 5-20% neutral sucrose gradient in the same buffer. The DNA was centrifuged for 13.5 h at 30,000 rpm in a Spinco SW60 Ti rotor in order to select the fastest-sedimenting DNA molecules which were dialyzed against H 2 0. 60 ng of the largest ds-cDNA in 1.6 ml H 2 0 was made up to 10 mM HEPES buffer pH 7.1 containing 5 mM MgCl 2 and 1 mM B-mercaptoethanol; 250 pM dGTP and 200 units-of terminal transferase were added (1 unit of activity is defined as that amount of enzyme that will incorporate 10 pinoles of dCTP into acid-insoluble product in 5 min at 37°C in the presence of 0.4 M HEPES buffer pH 7.1, 2 mM CoCl 2 , 2.5 mM 6-mercaptoethanol, 0.13 pg/ml of oligodA 10 double-stranded by incubation with fragment A of E.coli DNA polymerase I (6). As observed by others (12, 16), the cDNA was able to serve as a template for DNA polymerase without the addition of a primer, although only approximately 50% of the cDNA could be made double-stranded as assayed by resistance of the parental strand to nuclease SI. Non-primer dependent synthesis of ds-cDNA is presumably due to the ability of the 3'-0H terminus of the cDNA to fold back upon itself to form a small hairpin structure (16, 17) . This terminal hairpin, together with any other singlestranded regions were then removed by incubation with nuclease SI. The ds-cDNA was found to sediment through a 5-20% neutral sucrose gradient as a wide peak with an average length of about 1000 nucleotide pairs (not shown). In order to maximize the probability of obtaining clones containing "full-length" ds-cDNA, only the fastest sedimenting portion of the ds-cDNA peak was selected. To each 3' OH-terminus of this material oligodG was added using calf thymus terminal transferase (18, 19) .
In order to serve as a molecular cloning vehicle, the E.coli plasmid pCRl (ll)was cleaved at its single EcoRI restriction target, and the short cohesive termini of the linear molecu-le were reparied using reverse transcriptase (Fig. 1 and Materials and Methods). The object of this step was to provide more accessible 3'-0H termini for the subsequent action of terminal transferase, and also to attempt to reconstitute the EcoRI restriction sites on either side of the integrated ds-cDNA (11). The linear plasmid was then elongated with oligodC at each 3'-0H terminus using calf thymus terminal transferase. 01igodC-elongated linear pCRl DNA and ovalbumin oligodG-elongated ds-cDNA were hybridized together and used to transform E.coli.
Only circular plasmid molecules are able to infect E.coli and in principle the only means by which an oligodC-elongated plasmid DNA molecule can circularize, is by combining with oligodG-elongated ovalbumin ds-cDNA. Moreover, since the plasmid carries the resistance determinant of Kanamycin, bacteria harbouring recombinant plasmids can readily be selected by plating transformant cultures on agar containing Kanamycin. Complete details of the method used for transformation of E.coli with hybrid plasmids are given in Materials and Methods. Briefly, oligodGelongated ds-cDNA was hybridized with approximately a sevenfold weight excess of oligodC-extended plasmid DNA. In a typical experiment, hybrids formed between 22.5 ng of ds-cDNA and 165 ng of linear plasmid gave rise to 284 transformants. Experiments employing higher plasmid to ds-cDNA ratios did not produce any additional enhancement of the transformation efficiency. In control experiments, 165 ng of oligodC-extended pCRl DNA alone gave rise to 16 transformants, while 1.5 ng of superhelical plasmid DNA alone gave rise to 280 transformants. Hence hybrid DNA molecules were able to transform E.coli at about 1% of the efficiency of wild-type plasmid DNA molecules.
Analysis of recombinant clones.
A preliminary analysis of the recombinant clones was carried out as described by Rougeon et al. (11) . DNA was extracted from colonies inoculated in L-broth and subjected to an overnight incubation in chloramphenicol. The DNA was immobilized on nitrocellulose filters and hybridized with [ 3 H] ovalbumin cDNA. This experiment showed that about 75% of the colonies contained an ovalbumin sequence (not shown).
Since, however, this sort of analysis provides no information as to the length of the integrated sequence, the DNA of some of the colonies was examined with respect to its capacity to protect "full length" ovalbumin cDNA molecules from nuclease SI digestion. As shown in Table 1 , most of the transformants selected showed clearcut evidence of integrated ovalbumin DNA, with levels of protection ranging from more than 5% to 85% of the input cDNA.
Ovalbumin-specific DNA sequences should be integrated into the plasmid at the position of its EcoRI restriction site, and two EcoRI sites should have been reconstituted on either side of the integrated ds-cDNA. The DNA of wild-type plasmid pCRl, which is about 13,000 base pairs in length as observed under the electron microscope (unpublished observations) is cleaved by restriction enzyme R.Hpall into a series of fragments which can be resolved into more than 10 bands on 3% polyacrylamide-0.5% agarose gels (Fig. 2). The slowest moving band (see right arrow, Fig. 2,  slot c) contains two fragments (not resolved on this print) Fig. 3 shows the R. Hpall cleavage pattern of the hybrid clone pCRlov2.16 on a 3% acrylamide-0.5% agarose gel. This hybrid protects about 2O5& of the "full length" cDNA from nuclease SI digestion (Table 1 ). It will be observed that the plasmid R.Hpall fragmentA (slot d, arrow 2) disappears to be replaced in the hybrid DNA molecule by a slower migrating band which is 2000 base pairs in length (Fig. 3, slot c, arrow 1) . However, fragment B (see above) also disappears (slot d, arrow 2), presumably because fragments A and B are linked in the hybrid molecule, the Hpall cleavage site connecting the two fragments being either deleted, or rendered non-functional during the integration of ds-cDNA. As shown in Fig. 3, slot b, cDNA could be accurately re-excised, was not sucessful. Out of 10 hybrid plasmids analysed in detail, only pCRlov2.16 carries one EcoRI cleavage site and none had two EcoRI cleavage sites.
In Fig. 4 , the R.Hpall fragment patterns of pCRlov2.16 and pCRlov2.1 are compared on 2% agarose gels. In the case of plasmid pCRlov2.1, the Hpall fragments A and B (slot d, arrow) of wildtype pCRl are also missing and a much longer new fragment of about 3400 base pairs is obtained (Fig. 4, slot c) tecting "full length" ovalbumin cDNA against digestion by nuclease SI (unpublished). Since the exact length of the oligodG-dC sequences on either side of the integrated ds-cDNA are not known, the exact length of the ovalbumin-specific sequences in pCRlov2.1 can not be determined simply from the above gel electrophoreses (see below). In spite of the fact that two sucrose gradient size-selec-tion steps were included in the preparation of ds-cDNA, it is interesting to note that some of the hybrid plasmids, for example pCRlov 3.4, 3.21 and 3.25 have incorporated only short lengths of ovalbumin specific DNA. The most reasonable explanation for this observation is the presence of endonucleolytic activity in terminal transferase preparations. Under the conditions used for homopolymer extension of ds-cDNA and linear plasmid, all of our enzyme preparations, purified to near homogeneity according to the procedure of Bollum (5), contain low levels of endonucleolytic activity. Sucrose gradient sedimentation and DNA-cel1ulose chromatography failed to completely remove this contaminating activity. Internal nicking could result in internal homopolymer addition to the ds-cDNA, and it is possible that some recombinant clones were formed by non-terminal hybridization events, the excess ds-cDNA being subsequently deleted during transfection of E.coli.
Many of the hybrid clones however (i.e. pCRlov2.1, 2.5, 2.10 and 3.7) contain extensive sequences of ovalbumin-specific DNA. Since the ovalbumin protein requires only about 1100 coding nucleotides, it is very likely that clone pCRlov2.1, in which about 1730 base pairs of ovalbumin DNA have been integrated, contains in fact the entire coding sequence of the ovalbumin structural gene (for references, see 29) . This clone should be very useful to elucidate the ovalbumin gene organization and to study its expression in vivo and in vitro. The present cloning experiments were carried out in a negatively pressurized laboratory especially equipped for this type of work and conforming to the NIH P3 containment level. Biohazards associated with the experiments described in this publiction have been examined previously by the French National Control Committee.
